A model combining features of Griffing's diallel cross analysis with regression analysis for genotype-environment interactions is introduced using carp data of Moav et al. (1975) as an example. An analysis of variance based on this model provides information on the combining abilities of genetic effects and the interactions of these effects with environments from which inferences can readily be made on heterosis and heterosis-environment interactions.
INTRODUCTION
REGRESSION techniques for studying genotype-environment (GE) interactions are among the most widely used methods for investigating the response patterns of genotypes. Typically, the linear regression of the data on environmental indices is obtained for each genotype (the indices are usually defined as the differences between the environmental means and the grand mean). The regression slopes and intercepts, the latter simply the genotype means, are considered to be characteristics of the genotypes.
Several recent publications have used this approach on data from diallel cross experiments. These studies generally treated the intercept and slope obtained from the regression analysis as a starting point and then proceeded with a genetic analysis treating the two estimates as if they were independent observations. For example, Hinkelmann (1974) suggested an analysis in which the sum of squares for heterogeneity of slopes was partitioned into general and specific combining ability (g.c.a. and s.c.a.) components to investigate whether heterogeneity of slope can be attributed to "interactions between environments and additive or non-additive gene action ", Moav, Hulata, and Wohlfarth (1975) regarded each slope as being the sum of two components (one proportional to the corresponding intercept and the other equal to the remainder) which they obtained by regressing the slopes on the intercepts; the two components of the slopes, and the intercepts, were then analysed separately using potence ratios to investigate the heterosis of crossbreds. Connolly and Jinks (1975) partitioned the slope into the same two components, but used the approach of Jinks (1954) and Hayman (1954) to the diallel cross to interpret them.
In view of these studies, it seems desirable to develop a single model which specifically relates the regression parameters of the GE interaction 309 to the appropriate genetic parameters so that the genetic components and their interactions with environment can be examined simultaneously. One such model based on the concept of additivity and dominance was proposed by Perkins (1970) , as an extension of Perkins and Jinks (1968) . Here we present another model of this type based on Griffing's (1956) combining ability approach, and illustrate its practical value using the carp weight gain data of Moav et al. The relationship between this model and other models pertaining to GE interaction are discussed. Lin and Thompson (1975) , working in a more general context, have shown how the genotype-environment interactions can be used empirically to group genotypes with similar response patterns. Since this diallel cross data of Moav et al. provide a useful example of GE interactions with known genotypic background, the method of Lin-Thompson has been applied to these data to determine if the resulting groups conform with this background.
DATA AND ANALYSES
Data given by Moav et al. (1975) for the adjusted weight gain of common carp (Cyprinus carpio L.) were used in the present study. Twelve genotypes, including four parental lines-a Chinese strain, Big-Belly (BB), and the European strains, Nalice (Nas), Gold (G) and Dor 70 (Dor), six F1 crossbreds TABLE 1 Weight gain data of 12 genotypes grown under floe environments (in grams, adjusted for initial weight) from Moav et al. (1975 The analysis of variance of the carp data, assuming Model 2, is shown in table 2. Although the same mean squares would be obtained by Hinkelmann's approach, his specification of the model differs from Model 2, a point which will be discussed later. The estimates of g and s at each environment and their coefficients of regression on are shown in table 3.
Both the g.c.a. and s.c.a. mean squares are highly significant (P<001) when tested against the pooled residual mean square (3454 with 27 d.f.).
Most of the g1 x E interaction is accounted for by heterogeneity of the slopes of g. On the other hand, since the mean square for differences among P(s)ij (viz. 693.4) is not significant, the null hypothesis /3i = 0, for all i and j, is not unreasonable. It is worth noting that the pooled residual mean square is about the same magnitude as the mean square for the replication-genotype interaction pooled over environments at Dor as reported in the original paper (1563/4 = 390.8).
* Although Analysis I was based on Griffing's Method 2, Model 2 can clearly be used with any of Griffing's other three methods.
38/3-c European strains are in one group; and European crossbreds fall into two groups. Within each of groups 2, 3, and 4, almost all of the members are haif-sibs. When the use of Model 2 is justified, the approach followed in Analysis I can assist considerably in the interpretation of the various genetic relationships suggested by the data. Consider, for example, the question of heterosis.
If we define the heterosis Hk resulting from crossing the ith and the jth parental line at the Jcth environment as the expectation of V 1IV LV Although the concepts and calculations presented by Perkins (1970) for the diallel cross differ considerably from those presented here, it is.interesting to note that H5. is identical to Perkins' estimate of dominance, and if the same environmental indices are useçl in both methods, ft is identical to Perkins' estimate of the linear coefficient of dominance. These points are discussed below.
An interesting feature of Analysis I was that g differed significantly among environments but did not; i.e. the Th8)ij appeared to be zero under this range of environmental conditions (table 3) . Hence, it is apparent from the expression for 1115k above that there was no heterosis by environment interaction. This implies that from the point of view of adaptation, only the g.c.a. was important, or alternatively, that heterosis remained constant over environments. Moav et al. used a potence ratio to compare the weight gains of six crossbreds at six environmental points: three actual points and three hypothetical points (Moav et al., p. 334) . The ratio at the kth environment is defined as Disk/A 15k, where DIsk is equivalent to the present Hisk and Ajik is defined as one-half of the difference between parents. They observed that the mean ratio of all six crosses became smaller as the environments improved, and that in general this held true for each individual cross.
This trend can be interpreted in terms of Model 2 as follows. Since it has already been shown that HIsk (and ) do not appear to change with respect to environments, any change in the potence ratio is due to Alik which can be written,
A change in AIsk due to environment is merely a change in (ft -ft ()J) O, because (fJ(8)11-fl (8)55) is approximately zero. It can be observed from table 3 that differences among increased as °k improved, particularly when one parent was BB.
Moav et al. also investigated the potence ratios of the two components of slope mentioned in the first section (the slope, Ii+ 1 of Model 1, assuming = 6k is redefined to be equal to 1 + M215 + N15 where M is estimated by the least squares regression of /3 on and N15 is the remainder). They observed that for six crossbreds the potence ratios of the scale function
(1 + M&5) were all positive, while the potence ratios of the specific responsiveness (N) were all negative. The mean potence ratios were l3O and -ll2 respectively. From these results, they concluded that both components expressed heterosis of about the same magnitude but in opposite directions giving rise to " additivity of slopes ", that is, the absence of heterosis-environment interactions. Thus Moav et al. assume two genetic systems working independently, one controlling the intercept and part of the slope (scale function) and the other controlling the rest of the slope (specific responsiveness), while the present interpretation assumes that one genetic system (g.c.a. and s.c.a.) controls both cc and j3. From Moav's et al. point of view the additivity of slope arises from the balance of two systems, whereas under the present considerations, additivity is due to nonresponsiveness of s.c.a. It is difficult to determine which of these two interpretations is more in accord with genetic reality. However, it should be noted that the present approach seems easier to comprehend as it is more consistent with the concept of combining ability proposed by earlier workers. "genotype within groups" and in "slope x within groups" for Moav's et al. classification, indicating that the average performance and slopes within certain groups are not really the same. It may be observed from table 4 that groups 5 and 6 have similar intercepts but they differ in slope, while groups 2 and 3 have similar slopes but they differ in intercept. It should be noted that the relatively clear-cut classification pattern of Analysis II could be, in part, a result of the small heterosis by environment interaction.
(iv) The interrelationships between IViodel 2 and other regression models for GE interactions When a diallel cross design is used in a GE experiment, the data can be analysed using a model such as Model 2 which incorporates genetic and regression models, or they can be analysed using a regression model such as Model 1, which ignores the information provided by the genetic structure of the experiment. In a more general context Model 1 can be expressed as a simple regression of jjk on 0k; i.e. jk = aJ+bJOk+LJk TABLE 6 Formulae for fl(g)j and fl(s)ij and their sums of squares (p is the number of inbred lines used in the diallel cross)
In terms of gik and sJk
In terms of b1 Algebraically, as stated earlier, the present analysis and Hinkelmann's analysis yield the same results. The difference is that by relating regression parameters to the parameters of combining ability model, Model 2 allows a direct biological interpretation. In contrast to the above three models which are generally described in terms of phenotypic parameters, the model of Perkins is directly related to the underlying gene action, in particular, to additive and dominance effects. However, the application of Perkins ' (1970) model requires the satisfaction of certain restrictive assumptions concerning the genetic background of the material (e.g. the parental lines, unlike Moav's, must be pure-breeding). In situations where the assumptions can be justified and the researcher is interested in investigating the nature of the underlying gene action and its interaction with the environment, Perkins' analysis may be more informative.
It is interesting to note that where Perkins' model is appropriate the parameter estimates are algebraically related to those of Model 2. In the particular form presented by Perkins, the following relationships hold (using Perkins' notation to the left of the equality sign): 
Coiwiusio
The main advantage of using Model 2 for studying GE interactions in a diallel cross experiment is that both the combining abilities of genetic effects and the linear function of combining ability components by environment interaction can be studied simultaneously. Since the parameters representing the regression model are directly related to the corresponding parameters representing the combining abilities analysis, the model provides a direct and easy biological interpretation. Furthermore, from the results, both heterosi and heterosis by environment interactions can be easily assessed by examining linear combinations of s and /3 respectively.
It has been shown that the regression coefficients of g.c.a. and s.c.a. components on environmental indices are algebraically equivalent to the g.c.a. and the s.c.a. of (Model 3) or fl (Model 1). Thus, it can be said that Model 2 provides both a structural as well as a biological base for what may be termed[ a joint combining ability analyses for both intercept and slope.
The close agreement between groups obtained numerically using LinThompson's method and the parental association of genotypes reflects the importance of GE interactions as classification criteria in biological studies. This example suggests that the grouping method is a useful tool not oniy in simplifying the interpretation of complicated interactions but also in identifying underlying biological relationships among genotypes irs the resulting groups.
